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Biomass in the form of mixed wood waste was pyrolysed in a fluidized bed reactor at 400, 450, 500 and 
550°C. The char, liquid and gas products were analysed to determine their elemental composition 
and calorific value. In particular, the liquid products were analysed in detail to determine the concentration 
of environmentally hazardous polycyclic aromatic hydrocarbons (PAH) and potentially high-value 
oxygenated aromatic compounds in relation to the process conditions. The gases evolved were C0 2 , CO and 
Cj-C 4 hydrocarbons. The liquids were homogeneous, of low viscosity and highly oxygenated. 
The molecular weight range of the liquids was 50-1300 u. Chemical fractionation of the liquids showed 
that only low quantities of hydrocarbons were present and the oxygenated and polar fractions were 
dominant. PAH up to MW 252 were present in the liquids; some of the PAH identified have been shown to 
be carcinogenic and/or mutagenic. The concentration of PAH in the liquids increased with pyrolysis 
temperature, but even at the maximum pyrolysis temperature of 550°C the total concentration was 
< 120ppmw. The liquids contained significant quantities of phenolic compounds and the yield of phenol 
and its alkylated derivatives was highest at 500 and 550°C. Some of the oxygenated compounds identified 
are of high value. Copyright © 1996 Elsevier Science Ltd. 
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The energy potential of biomass and solid wastes has 
become increasingly recognized as a means to help meet 
world energy demand. The use of biomass has a 
particularly important role as an energy source in 
developing countries 1,2 . The utilization of biomass and 
other alternative fuel sources rather than existing fossil 
fuels could offer more environmentally acceptable 
processes for energy production and will aid in conser¬ 
ving the limited supplies of fossil fuels. The recovery 
of energy from biomass and solid wastes has centred 
on biochemical and thermochemical processes 3 . Of 
the thermochemical processes, pyrolysis has received 
increased interest, since the process conditions can be 
optimized to maximize the production of chars, liquids 
or gases 1-3 . In particular, the production of pyrolysis 
liquids has been investigated with the aim of using the 
liquid product directly in fuel applications or by 
producing refined fuels and/or chemical 
6 . The solid char can be used as a fuel in the 
form of briquettes or as a char-oil/water slurry, or it can 
be upgraded to activated carbon and used in purification 
processes 7,8 . The gases generated have a low to medium 
heating value but may contain sufficient energy to supply 
the energy requirements of a pyrolysis plant. 

The physical conditions of the pyrolysis of biomass, 
such as temperature, heating rate and residence time, 
have been shown to have a profound effect on the 
product yields and composition 5 . High heating rates of 
up to 1(T K s -1 , at temperatures < 650°C and with rapid 
quenching, favour the formation of liquid products and 
minimize char and gas formation; these process conditions 


upgrading, 

products 4 ^ 


are often referred to as ‘flash pyrolysis’. High heating 
rates to temperatures > 650°C tend to favour the 
formation of gaseous products at the expense of liquids. 
Slow heating rates coupled with low maximum tempera¬ 
tures maximize the yield of char. 

In recent years, various flash pyrolysis processes have 
been developed to maximize the formation of liquid 
products for use as fuels or chemical feedstocks. A vortex 
reactor process has been developed by Diebold 910 . This 
type of pyrolysis process is an ablative technique. Scott 
and Piskorz' 1,12 have designed the Waterloo flash 
pyrolysis process to maximize the liquid product yield. 
They have used small biomass particles (<1 mm) as the 
feed and high heat transfer rates with a hot fluidized bed 
of sand. Georgia Tech in the USA has used an entrained 
flow pyrolysis reactor where the biomass particles are 
rapidly heated by a flow of hot gases 13 . Vacuum pyrolysis 
has also been used as a flash pyrolysis technique by Roy 
et a/. 14 . The liquid product yields from all the above 
processes were >50wt%, with Diebold 9,10 and Scott and 
Piskorz 11 12 reporting yields of >70wt%. 

The liquid products from flash pyrolysis processes 
have been reported as being homogeneous and of 
low viscosity, and are chemically extremely complex, 
containing hundreds of different components 15-17 . The 
chemical composition of the liquid hydrocarbons and 
the relation of composition to process conditions has 
implications for end use as a fuel or chemical feedstock. 
Many biomass-derived pyrolysis oils are known to 
contain polycyclic aromatic hydrocarbons (PAH) 18-20 , 
some of which have been shown to be carcinogenic and/ 
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or mutagenic 21,22 , which may have consequences for 
the handling of the fuel. Where the proposed end use of 
the liquid hydrocarbons is as a chemical feedstock, again 
the process conditions which optimize the formation of 
high-value chemicals in the liquid have economic 
benefits. In this context the oxygenated aromatic 
hydrocarbons are of particular interest. Biomass-derived 
oils have been shown to contain phenols 15,23 which have 
extensive use in the production of resins. In addition, 
phenolic derivatives have a high value, as they are used as 
flavourings in the food industry. Syringol and guaiacol 
are also found in significant concentrations in biomass- 
derived pyrolysis oils and are used in the production of 
biodegradable polyesters and polyethers. 

In this work, a semi-continuous fluidized bed reactor 
was used to flash-pyrolyse a waste wood feed. The 
pyrolysis temperature range studied was 400-550°C, as 
this is known to give high yields of liquid products whilst 
minimizing the formation of char and gases. Pyrolytic 
liquids derived from biomass have been analysed by a 
number of workers 15-17 , but there are limited data on the 
individual yields of PAH and oxygenated aromatic 
compounds in relation to process conditions, coupled 
with analyses of the gas phase and char. Therefore in this 


Table 1 Proximate and ultimate analyses (wt%) of the wood feed 


Proximate analysis 

Volatiles 

91.0 

Moisture 

7.5 

Ash 

1.5 

Ultimate analysis 

C 

45.9 

H 

5.72 

O 

46.6 


work the pyrolysis liquids were characterized in detail in 
relation to process conditions, with particular reference 
to the contents of PAH and oxygenated aromatic 
compounds. 

EXPERIMENTAL 

Biomass 

The biomass used was a mixture of waste wood 
shavings obtained from a woodworking company, and 
therefore represented a mixture of different wood types. 
Table 1 shows the proximate and ultimate analyses of the 
biomass pyrolysed. 

Pyrolysis reactor 

The reactor system used was a fluidized bed pyrolysis 
unit (Figure 1 ). The reactor was 7.5 cm diameter x 50 cm 
high, constructed from stainless steel. The fluidization 
gas was nitrogen, preheated before entry into the reactor. 
The flow-rate of nitrogen was sufficient to provide three 
times the minimum fluidizing velocity (MFV) to the bed. 
The bed material was quartz sand with a mean diameter 
of 250 pm and a static bed depth of 8 cm. The biomass 
was fed to the reactor via a screw feeder and nitrogen gas 
stream to the top of the fluidized bed at a rate of 0.216- 
0.228 kg h -1 . The residence time of the pyrolytic vapours 
in the hot reactor was ~ 2.5 s at a pyrolysis temperature 
of 500°C. The pyrolysis vapours leaving the reactor were 
passed through a series of condensers. The initial 
condensation was provided by two stainless steel 
condensers which were water-cooled both internally 
and externally, with the catch pots for each condenser 
ice-cooled. There followed a series of glass condensers 
cooled using a mixture of solid carbon dioxide and 
acetone, which were used to remove any residual vapours 
from the gas stream. This condensation system was 
found to be 97% efficient in trapping volatile aromatic 
hydrocarbons such as toluene and 99% efficient for the 
condensation of water. The pyrolysis condensate from all 
the condensers was mixed and stored at -10°C. The 
water fraction of the pyrolysis liquids was separated 
from the organic fraction using the standard ASTM 
D244 and IP 29.1 methods. 

Gas analysis 

The carrier gas stream was sampled after the 
condensation system to allow for the analysis of any 
non-condensable gases. Analysis was carried out using 
gas chromatography. The gases determined were CO and 
H 2 using a molecular sieve SA 60-80 column and C0 2 
using a silica column, with argon as carrier gas and 
thermal conductivity detection. For the determination of 
hydrocarbon gases up to C 5 a Porisil C 80-100 column 
was used, with nitrogen as carrier gas and a flame 
ionization detector. 

Elemental analysis 

The carbon and hydrogen contents of the pyrolysis 
liquids and char were determined using an elemental 
analyser. The oxygen content of the liquids and chars 
was found by difference. 

Calorific value 

The calorific value of the pyrolysis liquid was 
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determined by bomb calorimetry. The values reported 
are the gross heat of combustion at constant volume. 

Oil analysis 

Molecular weight range. The molecular weight (MW) 
range of the oils was determined using a mini-column 
size exclusion chromatography (s.e.c.) system which has 
been described previously 24 . The system incorporated two 
150 mm x 4.6 mm i.d. columns with Polymer Labora¬ 
tories 5 pm RPSEC 100 A type packing. A third column 
of the same material was placed in line between the pump 
and the injection valve, to ensure pre-saturation of the 
solvent with the column packing material and also to 
avoid analytical column dissolution and hence loss of 
performance. The solvent used for the mobile phase 
was tetrahydrofuran (THF), which has been shown by 
Johnson and Chum 2 ' to be suitable for the analysis of 
biomass pyrolysis oils. The calibration system used was 
based on polystyrene samples of low polydispersity in 
the MW range from 800 to 860000; also included was 
benzene for low-MW calibration. Samples were intro¬ 
duced through a 2 pi loop injection valve. Two detectors 
were used: a u.v. detector sensitive to the aromatic 
compounds, and a refractive index (RI) detector moni¬ 
toring the elution of all compounds, enabling more infor¬ 
mation to be obtained regarding the relative contribution 
to the MW of the difference chemical class fractions 24 . 
Ultraviolet scanning of the polystyrene MW fractions 
in THF indicated that the maximum absorbance was at 
262 nm. Determination of the maximum efficiency for 
the system showed that a mobile phase flow rate of 
0.26 mL min -1 and a column temperature between 2 
and 14°C were optimum 24 . For practical purposes the 
column was maintained at 0°C. Column temperature is 
usually maintained at room 26 or elevated 
temperature 2 ” 29 . However, the optimum efficiency was 
obtained at lower than ambient temperatures for the 
system used in this work. 

Evaluation of the system has shown that there are 
systematic variations in the measured MW of n-alkanes, 
n-alkenes, PAH and alkylated cyclic hydrocarbons 
compared with the polystyrene standards 24 . Deviations 
from polystyrene calibration curves have also been 
shown previously for other model compounds ’ ’ . 
For biomass pyrolysis oils, Johnson and Chum 25 used 
polystyrene MW fractions and showed that aromatic 
acids and naphthalenes deviated significantly from the 
calibration curve. However, in this work the s.e.c. system 
was used to compare oils derived from different process 
conditions rather than to determine the absolute MW. 

Chemical fractionation. The biomass-derived pyrolysis 
oils were fractionated using mini-column liquid chroma¬ 
tography. The mini-columns were conditioned by washing 
with n-pentane. A 250 mg sample of the oil was placed on 
the column. The samples were added by adsorption on to 
inert Chromosorb G/AW/DMCS 60-80 support, mixed 
and then packed above the silica section of the column. 
This approach is necessary for polar oils, which may 
produce a solid-phase precipitate with the n-pentane 
solvent and block the column, and also to improve 
solvent contact with the oil. The column was then eluted 
with «-pentane, benzene, ethyl acetate and methanol 
(polarity relative to A1 2 0 3 , 0.00, 0.32, 0.58 and 0.95 
respectively), to produce aliphatic, aromatic, oxygenated- 
aromatic and polar chemical class fractions respectively. 


The fractions were analysed by Fourier transform 
infrared spectroscopy (FT-i.r.) to determine the efficient 
separation of the chemical classes. In addition, each 
fraction was analysed by gas chromatography-mass 
spectrometry using ion trap detection (g.c.-ITD) to 
verify the fractionation scheme. The percentage mass in 
each class fraction was determined by analysis of the 
total gas chromatogram in relation to known masses of 
sample and standards analysed by the system. This 
avoided the necessity to nitrogen-evaporate (blow 
down) the solvent eluant, which may result in losses of 
light hydrocarbons. 

Detailed characterization of the pyrolysis liquids. The 
concentrations of monocyclic and polycyclic aromatic 
hydrocarbons (PAH) in the benzene fractions and the 
oxygenated aromatic species present in the ethyl acetate 
fraction were determined using gas chromatography— 
mass spectrometry (g.c.-m.s.) The g.c.-m.s. system 
was a Carlo-Erba Vega HRGC with cold on-column 
injections, coupled to a Finnigan Mat ion trap detector 
(ITD). A DB-5 fused silica capillary column 25 mx 
0.3 mm was used and the temperature programme was 
60°C for 2 min followed by 5Kmin _1 to 270°C with a 
dwell time of 25 min at 270°C. The ITD mass range 
was set at 30-350 u with a scan time of 0.125-2 s. 
The ITD was linked to a PC with a mass spectral library 
facility. Identification of the individual constituents in 
the chemical fractions was carried out using the g.c.- 
m.s. and retention indices 23 32,33 . Single-ion monitoring 
(SIM) was also carried out to confirm the identification 
of compounds and also to examine the samples for a 
series of substituted compounds, for example, naphthalene 
and methyl-, dimethyl- and trimethylnaphthalenes. 
Quantification was determined by the use of extensive 
external standards. 

RESULTS AND DISCUSSION 

The yields of the pyrolysis products are shown in Table 2. 
Several repeat runs were carried out at 550°C under 
identical conditions to test the repeatability of the 
process. The differences observed between the yields of 
the char, liquid and gas for these repeat runs were 
negligible. The liquid yield for all the runs was >65 wt%, 
with a maximum yield of 67.8 wt% at 550°C. At 
pyrolysis temperatures of 500 and 550°C the pyrolysis 


Table 2 Product yields (wt%) from the flash pyrolysis of wood 


Reactor temperature (°C) 

Char 

Liquid 

Gases 

Total 

400 

24.1 

65.5 

10.2 

99.8 

450 

21.4 

65.7 

11.1 

98.2 

500 

18.9 

66.0 

14.6 

99.5 

550 

17.3 

67.0 

14.9 

99.2 

550 

16.7 

67.8 

15.7 

99.2 

550 

17.1 

66.2 

15.2 

98.5 


Table 3 Water and organic contents (wt%) of the liquid product from 
the flash pyrolysis of wood 

Reactor temperature (°C) 

Water 

Organic material 

400 

28.0 

72.0 

450 

27.6 

72.4 

500 

29.6 

70.4 

550 

26.8 

73.2 
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liquid was a homogeneous dark liquid of low viscosity. 
Similar observations were made by Scott and Piskorz 11 
using a fluidized bed process with a pyrolysis tempera¬ 
ture of 500°C. The pyrolytic product from the 400 and 
450°C fluidized bed pyrolysis temperature experiments 
was found to be of low viscosity but there were traces of 
a black tar residue on the base of the storage vial. The 
pyrolysis liquid product was a mixture of organic 
material and water. The water content of the liquid 
was determined using the ASTM D244, IP29.1 method; 
Table 3 shows the results of this separation. The water 
content of all the pyrolytic liquids was approximately 
the same (26.8-29.6wt%). The initial wood feed 
contained 7.5 wt% moisture, which would be released 
during pyrolysis and subsequently collected during 
condensation. This contributed approximately half 
the water present in the pyrolytic liquid. Therefore 
water formed by pyrolysis accounts for 14wt% of the 
liquid condensate or 10wt% of the initial wood feed. 
Table 3 also shows that over the temperature range 
studied, the yield of oil was not significantly affected by a 
change in temperature. 

The char yield was reduced as the pyrolysis temperature 
was increased, from 24.1 wt% at 400°C to 16.7 wt% at 
550°C. The char yields reported in this work were higher 
than those found by other workers 11 ’ 12 . This difference 
was probably due to the fact that a mixed wood waste 
was used in this work rather than a single known biomass 
feedstock as used by Scott et al. UA2 . The decrease in the 
char yield with increasing temperature could be due 
either to greater primary decomposition of the wood at 
higher temperatures or to secondary decomposition of 
the char residue. 

The gaseous product yield increased with pyrolysis 
temperature. The individual yields of the major gaseous 
species are shown in Table 4. The increase in gaseous 
products is thought to be predominantly due to 
secondary cracking of the pyrolysis vapours at higher 


Table 4 Yields (wt%) of gases from the flash pyrolysis of wood 


Reactor temp. 


CC) 

CO 

O 

O 

h 2 

ch 4 

c 2 h 6 

c 2 h 4 

c 3 h 8 

c 3 h 6 

400 

3.75 

6.02 

0.018 

0.21 

0.05 

0.05 

0.03 

0.05 

450 

4.20 

6.32 

0.022 

0.35 

0.05 

0.08 

0.02 

0.08 

500 

6.76 

6.61 

0.022 

0.58 

0.09 

0.26 

0.05 

0.19 

550 

6.71 

6.86 

0.023 

0.69 

0.16 

0.26 

0.04 

0,45 


Table 5 Elemental composition (wt%) of the products from the flash 
pyrolysis of wood 

Reactor temp. (°C) 

C 

H 

O 

Total liquid product 




400 

38.6 

8.52 

51.7 

450 

39.9 

8.61 

50.4 

500 

37.6 

8.42 

53.0 

550 

38.1 

8.46 

52.8 

Liquid product after 

water removal 



400 

58.1 

6.10 

34.6 

450 

58.0 

6.24 

35.0 

500 

57.2 

6.12 

35.2 

550 

59.6 

6.05 

33.5 

Char 




400 

68.1 

3.23 

28.2 

450 

71.9 

3.16 

24.2 

500 

73.0 

3.17 

22.9 

550 

71.6 

2.65 

24.4 


temperatures. However, the secondary decomposition 
of the char at higher temperatures may also give 
non-condensable gaseous products. Beaumont and 
Schwob 34 and Samolada et al. 3S investigated the flash 
pyrolysis of wood and found that as the pyrolysis 
temperature was raised, the gaseous yield was increased. 
The yield of CO and CO 2 in general increased with 
increasing pyrolysis temperature. However, the increase 
in CO was far more pronounced than that of C0 2 . The 
yield of all the hydrocarbon gases increased with 
temperature. Similar observations have been made by 
other workers 11,35 . 

Elemental analysis of pyrolysis products 
The liquid and char products were analysed to 
determine their elemental composition. Table 5 shows 
the elemental compositions of the wet pyrolytic liquid, 
the oil after removal of water, and the chars. The 
elemental compositions of the pyrolytic liquids both 
before and after removal of water were similar for all the 
pyrolysis temperatures investigated. The similarity was 
probably due to the particular temperature range 
studied, the lowest temperature of 400°C being adequate 
to decompose the wood feed, and the low residence 
time limiting the amount of secondary reactions. The 
pyrolysis liquids arising from the reactor before water 
removal had a carbon content lower than that of the 
initial wood feed. This indicates that such pyrolytic 
liquids have a low CV, and the removal of the water is 
necessary to maximize their CV. The composition of the 
pyrolytic liquid produced in this work compares well 
with the finding of Churin 36 . 

Characterization of the pyrolysis liquids 
Molecular weight range. The pyrolytic liquid after 
water removal was used for determination of the MW 
range of the oils, because the presence of water caused 
the RI detector to give inconsistent results. Figure 2 
shows MW ranges of the pyrolysis oils for the RI and 
u.v. detectors. Only the data for the 400 and 550°C 
pyrolysis oils are shown, for clarity. The oils all showed 
similar MW ranges from 50 to 1300u for both the RI 
and u.v. detectors. The similarity in MW among the 
oils over the temperature range studied was due to the 
fact that the lowest temperature, 400°C, was sufficient 
to give almost complete decomposition of the wood 
feed and the low residence times minimized secondary 
reactions which might have occurred at higher tempera¬ 
tures. The average MW was ~220 and ~275 u for the RI 
and u.v. detectors respectively. Diebold et al. 31 obtained 
flash pyrolysis oils from a vortex reactor system at 
625°C. They carried out s.e.c. analysis of the oil and 
found components present in the oil up to and including 
2000 u. Evans and Milne 20 used molecular beam mass 
spectrometry (MB-m.s.) to analyse the pyrolysis vapours 
whilst in the pyrolysis reactor. They found molecular 


Table 6 Chemical fractionation of the pyrolysis liquids (wt%) 


Reactor 
temp. (°C) 

Pentane 

eluate 

Benzene 

eluate 

Ethyl acetate 
eluate 

Methanol 

eluate 

Total 

400 

<0.2 

0.42 

36.2 

56.8 

94.6 

450 

<0.2 

0.51 

37.4 

57.6 

95.7 

500 

<0.2 

0.54 

39.3 

56.7 

96.7 

550 

<0.2 

0.54 

38.4 

55.2 

95.3 
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Figure 2 Molecular mass range of the pyrolysis liquid at 400 and 
550°C after removal of water, using refractive index and ultraviolet 
detection 


Table 7 Concentrations (ppmw) of the aromatic compounds present 
in the pyrolysis oils 



Reactor temperature (°C) 

400 

450 

500 

550 

Benzene 

7 

14 

55 

97 

Toluene 

5 

12 

35 

67 

Dimethylbenzene 

1 

1 

2 

7 

Ethylbenzene 

2 

2 

7 

24 

Dimethylbenzene 

1 

1 

3 

12 

T rimethylbenzene 

5 

5 

7 

9 

Dihydroindene 

<1 

<1 

<1 

4 

Indene 

2 

3 

6 

2 

Benzofuran 

1 

2 

4 

10 

Methylbenzofuran 

3 

2 

5 

13 

Tetramethylbenzene 

<1 

<1 

<1 

<1 

Methylindene 

<1 

<1 

<1 

2 

Naphthalene 

3 

5 

4 

11 

Methylnaphthalene 

3 

4 

9 

14 

Biphenyl 

1 

1 

1 

2 

Acenaphthene 

<1 

1 

1 

3 

Dimethylnaphthalene 

3 

5 

9 

15 

T rimethylnaphthalene 

<1 

3 

5 

7 

Tetramethylnaphthalene 

<1 

<1 

<1 

<1 

Fluorene 

<1 

<1 

1 

1 

Methylfluorene 

<1 

<1 

1 

<1 

Phenanthrene 

3 

5 

6 

11 

Anthracene 

2 

2 

4 

6 

Dimethylfluorene 

<1 

<1 

<1 

<1 

Methylphenanthrene 

7 

7 

10 

16 

Dimethylphenanthrene 

3 

7 

8 

12 

T rimethylphenanthrene 

<1 

1 

1 

2 

T etramethylphenanthrene 

<1 

<1 

<1 

2 

Pyrene 

<1 

<1 

<1 

1 

Methylpyrene 

<1 

<1 

<1 

<1 

Dimethylpyrene 

<1 

<1 

<1 

<1 

Chrysene 

<1 

<1 

<1 

<1 

Methylchrysenc 

<1 

<1 

<1 

<1 

Benzopyrene 

<1 

<1 

<1 

<1 


weights predominantly between 100 and 150u. The dif¬ 
ference between the findings of Evans and Milne and 
the present results is due to the fact that the condensed 
pyrolysis liquids were analysed in this work and that of 
Diebold et al? 1 . It is thought that some of the smaller 
species present in the pyrolysis vapours are highly reac¬ 
tive and on condensation can polymerize to form 
higher-molecular-weight material 9 . 

Johnson and Chum 25 have suggested that the high 
apparent MW of biomass pyrolysis oils may be due to 
solute-solute or solute-solvent association, producing 
high-molecular-weight complexes. In this work, the 
samples were prepared with THF immediately prior to 
analysis, since previous work has shown that storage of 
the sample in THF for extended periods did result in an 
increase in apparent MW due to interaction of the 
sample with the solvent 38 . 

The u.v. detector was used to obtain detail on the MW 
range of the aromatic fraction of the pyrolysis oils. It 
showed that there was some high-molecular-weight 
material present in the oils which was aromatic in 
nature. This could be formed from the decomposition of 
the lignin fraction of the wood. 

Chemical fractionation. The pyrolytic liquids after 
removal of water were separated into four chemical 
classes by sequential elution of the column with pentane, 
benzene, ethyl acetate and methanol to give aliphatics, 
aromatics including PAH, phenolic and neutral oxyge¬ 
nated compounds, and polar compounds respectively. 


The results of the chemical fractionation are shown in 
Table 6, corrected to account for the removal of water. 
They show that the liquids are almost exclusively made 
up of oxygenated compounds. The ethyl acetate fraction, 
which contains the phenolic and aromatic oxygenated 
compounds, shows a small but significant increase in 
concentration from 36.2 to 39.3 wt% of the oil as the 
pyrolysis temperature increases from 400 to 550°C. The 
polar material present in the methanol fraction of the 
liquids shows no significant trend with change in 
temperature, varying from 55.2 to 57.6 wt%. The hydro¬ 
carbons, eluted in the pentane and benzene fractions, 
account for <1 wt% of the pyrolytic liquid. The benzene 
fraction, containing aromatic species, shows a small 
increase with increasing pyrolysis temperature. The 
similarity of the results for the chemical fractionation 
of the oils over the temperature range studied is again 
due to the fact that the fluidized bed process minimized 
any secondary reactions and the lowest temperature, 
400°C, was sufficient to give almost complete decomposi¬ 
tion of the wood feed. 

Characterization of the chemical fractions of the pyrolysis 
liquids 

PAH content. The major aromatic hydrocarbon 
compounds present in the pyrolysis oils are shown in 
Table 7, with PAH compounds up to molecular mass 
252 identified and quantified. The major aromatic hydro¬ 
carbons present in the pyrolysis liquids were the 
monocyclic compounds such as benzene, toluene and 
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dimethyl- and ethylbenzenes. The PAH found were 
naphthalene and phenanthrene and their alkylated 
derivatives and in minor concentrations other compounds 
such as pyrene, chrysene and benzopyrenes. The concen¬ 
tration of PAH increased with increasing temperature. 
The PAH found have been shown to be carcinogenic 
and/or mutagenic 21,39,40 . However, even at the highest 
temperature of 550°C the total concentration of PAH 
quantified was <120ppmw. 

PAH have been detected by other workers in biomass 
pyrolysis oils. For example, Pakdel and Roy 41 analysed 
oil from the pyrolysis of Aspen poplar wood chips in a 
vacuum pyrolysis unit. They found a wide range of PAH 
including naphthalene, phenanthrene and fluorene and 
their alkylated substituents, in addition to benzene and 
its alkylated substituents. In addition, they quantified 
certain PAH, some of which were biologically active, 
such as benzo[a]pyrene, chrysene and benzo[/r]fluor- 
anthene, but were present in very low concentration, 
<5ppmw. However, the oil was collected at a biomass 
pyrolysis temperature of only 263°C. Gasification tars, 
produced at higher temperatures (850°C) than the 
pyrolysis oils, were found to contain much higher 
concentrations of PAH. However, the yield of gasification 
tar was small relative to that of the biomass pyrolysis 
oils. Elliott 19 has also confirmed that PAH are not 
present in pyrolysis oils produced at temperatures 
<500°C but markedly increase in concentration in 
gasification tars produced >700°C. Desbene et a/. 18 
analysed pyrolysis oils from the slow pyrolysis of 
hornbeam biomass. The PAH detected included 
alkylated naphthalenes, biphenyls, fluorene, anthracene, 
pyrene and benzofluorene. The composition of the oil 
depended on whether the pyrolysis was slow or fast. The 
low concentrations of PAH in the pyrolysis oils in 
the present work are due to the process conditions used. 
The relatively low temperatures and residence times 
restrict the formation of PAH by reducing the amount of 
possible secondary reactions. For significant quantities 
of PAH to form during the pyrolysis of biomass, long 
residence times are needed at temperatures >700°C 20 . 

Table 7 shows that as the temperature of pyrolysis 
was increased, the concentration of PAH in the oils also 
increased. For each individual PAH there was an increase 
with increasing pyrolysis temperature. The reactions of 
the pyrolysis vapours at increased temperatures result in 
the formation of PAH. The formation of aromatic and 
polyaromatic hydrocarbons by secondary reactions 
during pyrolysis has been attributed to at least two 
mechanisms: a Diels-Alder type reaction, and deoxy¬ 
genation of oxygenated aromatic compounds 42 . 

The calorific values of the pyrolysis liquid after 
removal of water, the char and the gases from the 
550°C run were found to be 22MJkg“ , 25.9 MJ kg* 1 
and 15.7 MJ m“ 3 respectively. The original wood feed 
had a CV of 17.7 MJ kg* 1 . Therefore the pyrolysis liquid 
after removal of water contained ~63% of the potential 
energy in the wood feed. The density of the pyrolytic 
liquid (1.2 gem* 3 ) was also much greater than that of the 
initial feed (0.4gem* 3 ), giving a much higher energy 
density. There was a significant amount of water present 
in the pyrolytic liquid which would significantly reduce 
its CV. Indeed, the elemental analysis shows that the 
pyrolysis liquid before removal of water contains 
significantly less carbon than the original biomass. 
However, removal of the water may not be beneficial, 


as the liquid product from the flash pyrolysis of wood has 
been shown to be unstable at elevated temperatures and 
polymerizes when exposed to air 37 . The viscosity of the 
pyrolytic liquid may also be increased by removing the 
water, which could affect its use as a fuel. 

There are conflicting opinions as to the potential uses 
of pyrolytic liquids derived from biomass. Maggi et a/. 43 
state that flash pyrolysis bio-oils are corrosive, are not 
completely volatile, have a high oxygen content and do 
not mix readily with conventional fuels. They state 
that bio-oils used in direct combustion processes rarely 
meet the standards required for fuels. Rupp 44 questions 
whether pyrolysis liquids meet the requirements of a 
storable liquid fuel, and states that pyrolysis oils are 
much lower in quality than even a heavy fuel oil, 
which itself has a rapidly shrinking market. However, 
Bridgwater 45 has suggested various processes where flash 
pyrolysis liquids could be used both now and in the 
future. Many of the processes that he suggests require the 
pyrolysis liquids to be refined or upgraded before they 
are suitable for use. Solantausta et al. 46 used flash 
pyrolysis oils as a fuel in a diesel power plant. They 
concluded that the preliminary results were positive but 
that further research was necessary on the storage of the 
oils and that the oils themselves required more detailed 
characterization. More detailed characterization of the 
pyrolysis oils is necessary to optimize their potential. 
The PAH content of any fuel is of great importance, as 
these compounds are environmentally hazardous and 
therefore their concentration in a fuel should be 
minimized. The process conditions used in this work 
show that flash pyrolysis gives only low levels of PAH 
formation from biomass feedstocks. 

Ethyl acetate fraction. The major compounds present 
in the ethyl acetate eluates of the pyrolysis liquids were 
identified and quantified; the results are shown in Table 
8. The major constituents of the eluate appear to be light 
organic oxygenates and phenolic material. The major 
phenolic compounds present in the ethyl acetate eluate 
of the pyrolysis liquid were phenols, benzenediols, meth- 
oxyphenols and dimethoxyphenols. The concentration 
of phenol and its alkylated derivatives increased as the 
pyrolysis temperature was increased, but 500 and 
550°C gave similar yields. The formation of methoxyphe- 
nol and its mono- and dimethyl derivatives was greatest 
at the lower pyrolysis temperatures. This was also true 
for the overall concentration of dimethoxyphenol and 
its derivatives. The more severe pyrolysis temperatures 
of 500 and 550°C would increase the possibility of 
secondary reactions that could be responsible for the 
thermal breakdown of the larger phenolic compounds 
such as methoxy- and dimethoxyphenols to phenol, 
which would then undergo alkylation, thus giving the 
increase in alkylated phenols observed at 500 and 550°C. 

The ethyl acetate fraction also contained large 
amounts of methylmethoxy-, dimethoxy-, hydroxy- 
methoxy- and dihydroxymethoxyphenylethanones. The 
concentration of these compounds in the pyrolysis 
oils varied, depending on the pyrolysis temperature. 
The other major group of compounds present in this 
fraction comprised cyclopentanone, cyclopentenone and 
the methyl and hydroxymethyl derivatives of cyclopen¬ 
tenone. The concentration of these compounds in the 
pyrolysis oils increased as the pyrolysis temperature was 
increased. There were large amounts of light organic 
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compounds such as glycol aldehyde and the propyl ester 
of acetic acid, which were greatest in the pyrolysis oil 
produced at 450°C. Other light organics present in the 
oils were furanmethanol, furanone and methylfurfural. 
The concentration of these compounds in general 
increased with pyrolysis temperature. 

In the work the biomass pyrolysis liquids have 
been shown to contain significant quantities of phenolic 
compounds. These phenolic compounds could be 
removed from the pyrolysis liquids prior to their 
combustion, as they have a significant commercial 
value 47,48 . The use of the pyrolysis liquids for the 


production of phenolic chemical feedstocks as well as 
for the production of liquid fuels would increase their 
potential commercial exploitation. In maximizing the 
formation of individual phenolic compounds, it must be 
taken into account that an increase in pyrolysis 
temperature in this work tended to increase the forma¬ 
tion of phenol and its alkylated derivatives whilst 
reducing the formation of the larger phenolic 
compounds. Stoikos 48 has reviewed the upgrading of 
biomass oils to high-value chemicals and premium-grade 
fuels. He reports that oxygenated compounds such as 
methylphenols (cresols), methyoxyphenol (guaiacol), 


Table 8 Concentrations (ppmw) of the major constituents in 

the ethyl acetate eluate of the flash pyrolysis oils 




Reactor temperature (°C) 


400 

450 

500 

550 

MW 60 (acetic acid methyl ester or glycol aldehyde) 

11876 

13211 

12874 

12000 

Acetic acid propyl ester 

13214 

17656 

14901 

15710 

Cyclopen tanone 

2231 

2310 

2415 

2380 

Cyclopentenone 

4645 

4650 

5315 

5580 

Furanmethanol 

264! 

2460 

2412 

2467 

Methylcyclopentenone 

610 

742 

898 

845 

Furanone 

7178 

8141 

9542 

10024 

Methylfuraldehyde 

0 

0 

0 

2308 

Methylcyclopentenone 

0 

0 

0 

681 

Phenol 

937 

1073 

1992 

1839 

Methylhydroxycyclopentenone 

1987 

2143 

2101 

2470 

Methylphenol 

779 

1213 

2215 

2261 

Methoxyphenol 

3373 

3657 

2892 

2930 

Dimethylphenol 

116 

149 

430 

436 

Methylmethoxyphenol 

206 

177 

143 

1412 

Benzenediol 

3432 

3771 

3730 

4028 

Methylbenzenediol 

715 

1313 

2379 

2675 

Trimethylphenol 

0 

0 

408 

229 

Tetramethylphenol 

0 

0 

0 

0 

Dimethylmethoxyphenol 

1317 

1021 

954 

750 

Hydroxymethylphenylethanone 

3003 

2974 

2854 

3097 

Dimethoxyphenol 

3756 

3720 

4120 

4261 

Ethenylbenzenediol 

n/a 

n/a 

n/a 

1414 

Methoxypropenylphenol 

2711 

2881 

3214 

3542 

MW 168 (unidentified) 

4271 

3297 

3365 

3252 

Methoxypropenylphenol 

6645 

6525 

4974 

4511 

Hydroxymethoxyphenylethanone 

1316 

1723 

1721 

1775 

Dihydroxymethoxyphenylethanone 

1190 

1303 

1021 

807 

Hydroxymethoxyphenylpropanone 

895 

1074 

876 

913 

MW 180 (unidentified) 

3134 

3017 

4521 

5246 

Dimethoxypropenylphenol 

2381 

2751 

2552 

2257 

MW 180 (unidentified) 

597 

703 

515 

465 

Hydroxydimethoxybenzaldehyde 

1695 

1723 

2195 

1669 

Hydroxymethoxypropenylphenol 

7660 

8305 

8778 

9203 

Dimethoxypropenylphenol 

5834 

5520 

4874 

4948 

Hydroxydimethoxyphenylethanone 

1019 

1071 

1066 

1026 

MW210 (unidentified) 

641 

607 

688 

906 

MW210 (unidentified) 

1444 

1861 

2154 

3146 

Naphthol 

33 

40 

65 

54 

Methylnaphthol 

66 

70 

99 

116 

Dimethylnaphthol 

0 

0 

0 

0 

Trimethylnaphthol 

0 

0 

0 

0 
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2-furaldehyde (furfural) and methoxypropenylphenol 
(isoeugenol), which have been shown to be in high 
concentration in the oils (Table 8), have a considerable 
economic potential. Such chemicals have applications in 
the pharmaceutical, food and paint industries. 

CONCLUSIONS 

1. The formation of pyrolytic liquid products derived 
from biomass can be maximized using a fluidized bed 
reactor coupled with moderate temperatures of 400- 
550°C and short residence times. 

2. The pyrolysis temperatures of 500 and 550°C gave a 
pyrolytic liquid product which was homogeneous and 
of low viscosity. The pyrolytic oil was found to 
contain material with a molecular mass of up 
to 1300u, Chemical fractionation showed that the 
pyrolytic liquids were composed almost entirely of 
oxygenated components, with only low quantities 
of hydrocarbons present. 

3. The analysis of the ethyl acetate eluate from the 
chemical fractionation of the pyrolytic liquids showed 
that the oils contained significant quantities of 
oxygenated aromatics, mainly phenol and its deriva¬ 
tives. The concentration of phenol and its alkylated 
derivatives was greatest at 500 and 550°C, whereas the 
concentration of the larger phenolic compounds was 
greatest at lower temperatures. Some of the phenolic 
compounds present have been shown to have a 
significant commercial value. 

4. PAH up to molecular mass 252 were found to be 
present in the pyrolytic liquids. The concentration of 
PAH was increased with temperature, but the overall 
PAH concentration in all the pyrolytic liquids was 
low. 

5. The pyrolytic liquids were found to have a relatively 
low CV, but they contained ~63% of the potential 
energy in the initial biomass feed and had a much 
greater density than the original biomass. 
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